Many genetic risk factors for major mental disorders have key roles in brain development. Thus, exploring the roles for these genetic factors for brain development at the molecular, cellular, and neuronal circuit level is crucial for discovering how genetic disturbances affect high brain functions, which ultimately lead to disease pathologies. However, it is a tremendously difficult task, given that most mental disorders have genetic complexities in which many genetic risk factors have multiple roles in different cell types and brain regions over a time-course dependent manner. Furthermore, some genetic risk factors are likely to act epistatically in common molecular pathways. For this reason, a technique for spatial and temporal manipulation of multiple genes is necessary for understanding how genetic disturbances contribute to disease etiology. Here, the authors will review the said technique, in utero electroporation, which investigates the molecular disease pathways in rodent models for major mental disorders. This technique is also useful to examine the effect of genetic risks at the behavioral level. Furthermore, the authors will discuss the recent progress of this technology, such as inducible and cell type-specific targeting, as well as nonepisomal genetic manipulation, which provide further availability of this technique for research on major mental disorders.
Identification of genetic susceptibility factors for psychiatric disorders, such as schizophrenia, bipolar disorder, and autism spectrum disorders, has made it possible to conduct etiological, evidence-based molecular approaches to examine these devastating conditions (Bill and Geschwind 2009; Harrison and Weinberger 2005; McClellan and others 2007; O'Donovan and others 2009) . Given that many genetic factors play roles at the pre-, peri-, and postnatal developmental periods, genetic vulnerability may affect proper brain development and increase susceptibility to mental disorders of neurodevelopmental origin (Harrison and Weinberger 2005; Jaaro-Peled and others 2009; Rapoport and others 2005) . To understand how genetic insults result in impairment of higher brain function that ultimately leads to psychiatric disorders, the use of animal models is extremely important. It is quite challenging, however, because of the considerable limitations of the current knowledge concerning biological mechanisms of psychiatric disorders due to their etio logical complexities, including genetic heterogeneities (Chen and others 2006; Nestler and Hyman 2010) . In contrast to neurodegenerative disorders, such as Huntington's disease and Parkinson's disease, there have been no genes identified that harbor clearly causative mutations for any psychiatric disorders. Nonetheless, classical linkage and association studies, as well as cytogenetic approaches, have identified several candidate genes that may be involved in the risk of major mental disorders (Harrison and Weinberger 2005; Owen and others 2005) . Furthermore, recent genome-wide association studies (GWAS) have identified hundreds of new common variants and rare mutations with a potentially strong biological impact, which confer vulnerability to psychiatric conditions (Owen and others 2010; Sebat and others 2009 ). These mutations may be ideal entry points to explore how genetic insults affect brain functions, although most mutations do not fulfill unique roles for a single mental disorder, as defined by the current diagnostic criteria.
Many genetic risk factors play various roles for distinct molecular process in the region, cell type, and developmental stage-dependent manner. Some of them are likely to function in common molecular pathways (Harrison and Weinberger 2005 ; Jaaro-Peled and others 2009). Thus, to understand molecular mechanisms that directly affect the development of disease pathologies, it is important to segregate their roles in a specific molecular/cellular context in distinct brain regions during their developmental trajectory. Furthermore, the functional consequences of genetic manipulation must be observed not only at the molecular and cellular levels, but also neuronal circuit and behavioral levels. To this end, a technique is required to manipulate genes in vivo. One such method is in utero electroporation, a technique that can manipulate more than one target gene in a specific brain region during the embryonic and perinatal periods (Fukuchi-Shimogori and Grove 2001; Saito and Nakatsuji 2001; Tabata and Nakajima 2001) . In utero electroporation can be used complementarily with stereotaxic virus-mediated gene delivery, which can manipulate gene expression after birth (Fig. 1) . These techniques are valuable methods as alternatives to genetically engineered animals, because the genetic Pre and perinatal brain development
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Stereotaxic virus-mediated gene delivery (AAV and Lentivirus-mediated system, region specific targeting, and inducible/cell-type specific targeting) In utero electroporation (multiple genes targeting, region specific targeting, inducible/cell-type specific targeting) Genetic risk factors Environmental factors ADULTHOOD endophenotype Figure 1. Animals models via genetic manipulation in the developmental trajectory. Genetic manipulation techniques, such as in utero electroporation and stereotaxic virus-mediated gene delivery, are useful for examining the role for genetic risk factors for brain development and resultant higher brain function. The typical onset of psychiatric symptoms in most major mental disorders, such as schizophrenia and bipolar disorder, occurs during adolescence and young adulthood, whereas some psychiatric conditions, such as autism spectrum disorder, develop in childhood. Thus, it is important to understand the role for genetic risk factors in the developmental trajectory by segregating their functions at specific developmental stages to address these mechanisms precisely.
liabi lities for psychiatric disorders are difficult to test in traditional knockout and transgenic animals due to the genetic variability and complexity of major mental disorders. Additionally, these techniques have the benefit of avoiding compensation machinery in the classic genetically engineered mice by acute introduction of short hairpin RNA (shRNA) or expression constructs. For instance, although the genetic deletion of doublecortin (DCX), a X-linked gene for neuronal migration, does not display apparent migration defects in the cerebral cortex (Corbo and others 2002) , knockdown of DCX via in utero electroporation leads to subcortical band heterotopias, an anatomical phenotype, which mimics malformation of the neocortex in the patients with DCX mutations (Bai and others 2003) .
The feasibility of animal models via in utero electroporation for behavioral examinations has been recently reported (Niwa and others 2010) . However, an important question is, "How do we evaluate human mental disorders in the context of animal phenotypes?" There are no specific biological markers for major mental conditions at the present, and current diagnosis is defined by the syndromal categorization (Diagnostic and Statistical Manual of Mental Disorders, 4th ed, text revision, 2000 [DSM-IV] ). However, findings from neuropathological and pharmacological examinations, as well as brain imaging and neuopsychological studies, imply some hallmarks for biological and behavioral assessments of psychiatric conditions. For example, deficits in working memory and sensory motor gating as well as enlargement of the lateral ventricles have been repeatedly reported in the patients with schizophrenia (Gottesman and Gould 2003; McCarley and others 1999) .
In this article, we provide an overview of the current progress of methods for in vivo genetic manipulation. In particular, in utero electroporation will be discussed, along with its feasibility to address the role of genetic risk factors and their pathophysiological processes in major mental disorders. The evaluation of phenotypic changes relevant to disease pathology in animal models via in utero electroporation at neuronal circuit and behavioral levels will also be discussed.
Genetic Manipulation of Specific Cell Types in the Developmental Trajectory
In utero electroporation is a useful technique for segregating the roles for genetic risk factors in specific cell types. This technique requires the injection of overexpression and/or shRNA expression constructs into the lateral ventricles of the embryonic rodent brain and electroporation into the cells lining the lateral ventricle (Bai and others 2003; Kamiya and others 2005; Kamiya and others 2008; Manent and others 2009; Niwa and others 2010; Saito 2006; Tabata and Nakajima 2001;  Young-Pearse and others 2007; Young-Pearse and others 2010) ( Fig. 2) . Electroporated embryos can be characterized at any developmental stage and the adult stage (Manent and others 2009; Niwa and others 2010; Young-Pearse and others 2007) . Effects of overexpression and/or knockdown of the target gene can be quickly tested in specific cell populations. For example, in the developing mouse cerebral cortex, targeting progenitor cells in the ventricular zone at embryonic day 12.5 (E12.5), E13.5, or E14.5 results in the targeting of cells that mainly differentiate into pyramidal neurons at cortical layers V/VI, IV, and II/III, respectively (Kamiya 2009 ; Kubo and others 2010a; LoTurco and others 2009; Rice and others 2010) ( Fig. 2 ). This pattern of targeting at increasing developmental age reflects the "inside-out" pattern of cortical development, whereby early born neurons migrate to deep layers of the cortex, and later born neurons migrate to more superficial layers. Progenitor cells electroporated at E18 rat embryo are differentiated into astrocytes (LoTurco and others 2009), which is consistent with the notion that progenitors in the subventricular zone from late embryonic stages to early postnatal stages (E17 to postnatal 14 [P14]) produce astrocytes (Sauvageot and Stiles 2002) . Furthermore, progenitor cells in the ganglionic eminence, a major source of cortical interneurons, can be exclusively electroporated, indicating that interneuron-specific gene targeting is also possible (Borrell and others 2005) . Taken together, in utero electroporation allows us to manipulate the expression of a target gene in a specific cell population, depending on the timing of electroporation and the region targeted during the prenatal stages.
Within the same cell population, many genetic risk factors may play multiple distinct roles depending on the developmental cellular processes, such as cell proliferation, neuronal migration, and axon/dendrite growth, and spine formation. Isolating the roles of genes at different moments in brain development can be an extremely ambitious and challenging task. In this regard, the use of in utero electroporation with inducible and cell type specific gene targeting systems (Manent and others 2009; Matsuda and Cepko 2007) is useful for dissecting the temporal requirement, such that multifunctional molecules can be studied in specific cellular processes. In this system, a stop codon flanked by two LoxP sites downstream from the CAG promoter is contained in an overexpression construct and microRNA30-based shRNA exp ression vector. In a separate plasmid, Cre recombinase fused to an altered form of the estrogen receptor is exp ressed under the control of the CAG promoter (in CAG-ER T2 CreER T2 ). This Cre is ubiquitously expressed under this promoter, but is only active in response to the injection of 4-hydroxytamoxifen (4-OHT). In the presence of active Cre recombinase, the target protein or microRNA30-based shRNA is expressed under the control of the CAG promoter. By using this system, the timing of gene targeting can be controlled, which allows for the analysis of the specific cellular effect of the target gene. For instance, we can segregate the effect of the suppression of target gene expression on dendrite development independent of the secondary effects on dendrites caused by affected cell proliferation and/or migration.
In addition to the inducible system that addresses the temporal requirement in studies of multifunctional genetic factors, a second approach, cell type-specific promotermediated genetic manipulation, can further dissect the mec hanisms in targeted cell types. Given that expression constructs with diverse promoters, such as Nestin and DCX promoters, become activated within specific cell types, such as progenitor cells or postmitotic migrating neurons (Miyagi and others 2004; Wang and others 2007) , cell type-specific roles of genetic risk factors can be investigated. While conventional shRNA is driven exclusively by polymerase III promoters, recent advances using the microRNA30-based shRNA system allows for the expression of a given shRNA under polymerase II promoters, such as the CAG promoter (Matsuda and Cepko 2007) . The feasibility of this was demonstrated by Matsuda and Cepko through layer-specific gene suppression in the retina with rhodopsin promoter-driven Cre recombinase expression constructs (Matsuda and Cepko 2007) . The possibility of the inducible overexpression of a target gene in a specific cell type was also confirmed in the rat cerebral cortex at P20 (Matsuda and Cepko 2007) . This indicates that the temporal regulation of gene expression is possible even at the postnatal stages of the animals that were electroporated with inducible plasmids during embryonic stages. Taken together, the combination of Cre/LoxP recombination-mediated inducible shRNA system with cell type-specific promoters can be useful for gain and loss-of-function experiments in specific cell types during the developmental trajectory.
Region-Specific Genetic Manipulation
Evidence from postmortem brain examinations and ima ging studies of major mental disorders, especially schizophrenia, suggest that there are structural and functional disturbances in diverse brain regions (Lewis and Sweet 2009; McCarley and others 1999) . Developmental maturation of proper neuronal circuit connections are req uired for higher brain functions, such as cognition, memory, and emotion (Harrison and Weinberger 2005; Rapoport and others 2005) . Although current genetic engineering techniques can produce a variety of cell type-specific inducible and conditional animals, including many types of Cre-driver and reporter lines (Madisen and others 2010), region-specific genetically engineered animals have not yet been well established. However, in utero electroporation can target genes in distinct cellular sources that are developing in specific regions of the brain by simply altering the position of the electrodes. By altering the position of the electrodes, we can manipulate gene expression in the progenitor cells in diverse regions, such as the neocortical neuroepithelium, ammonic neuroepithelium, and lateroventral pallial neuroepithelium. These regions deve lop into the cerebral cortex, hippocampus, as well as piriform cortex and amygdala, respectively (Bai and others 2008; Nakahira and Yuasa 2005; Remedios and others 2007; Tabata and Nakajima 2001) (Fig. 3) . Notably, electroporation into the ganglionic eminence allows selective genetic manipulation of interneurons, including multiple subtypes of interneurons in the cerebral cortex, as described above (Borrell and others 2005) . Furthermore, we have recently reported the use of in utero electoporation for selective gene targeting in the prefrontal cortex (Niwa and others 2010), a critical brain region associated with cognitive function, of which deficits have been frequently reported in schizophrenia (Tan and others 2009) (Fig. 4) .
The experiments described above target specific cell populations via altering electrode placement following the injection of DNA into the lateral ventricle. However, one also can affect which region is targeted by altering the location of the injection. Because only the cells immediately adjacent to the location of the DNA will be electroporated, more cells will be targeted if DNA injection is into a space that allows some diffusion of the DNA (like the ventricles). For example, the developing retina can be targeted very early (E9.5) via injection into the optic vesicle using ultrasound technology (Punzo and Cepko 2008) . Thus, three variables can be altered to target precise targeting of specific cell populations: the location of the injection of the DNA, the developmental stage of injection, and the placement of the electrodes.
Disease Pathways: Multiple Genes Targeting and the Use of Rescue Components
Given the genetic heterogeneity in psychiatric disorders, it is critical to explore the common molecular pathways underlying disease-associated phenotypes, where multiple genetic risk factors play roles. To this end, in utero electroporation is a good tool to modulate expression of more than one gene simultaneously. We have previously reported that multiple genetic risk factors, including disrupted-in-schizophrenia 1 (DISC1), pericentriolar material 1 (PCM1), and BBS4, a causative gene for Bardet-Biedl syndrome (BBS) that is frequently characterized by psychosis and cognitive deficits, interact with each other for centrosome function in cortical development (Kamiya and others 2008) . This study has shown that the knockdown of PCM1 by in utero electroporation leads to neuronal migration defects, which is phenocopied by the suppression of DISC1 or BBS4, and the concomitant knockdown of both DISC1 and BBS4 exacerbates migration defect (Kamiya and others 2008) .
Another important aspect of genetic risks in major mental disorders is that there is no single gene that is a smoking gun or that shows obvious loss or gain of function leading to specific disease pathologies. Instead, there may be subtle genetic alterations such as single amino acid changes or genetic heterogeneity in a noncoding region that may increase risk. Thus, a combination of knockdown by RNA interference (RNAi) approaches and rescue experiments with coelectroporation with multiple constructs that include disease-associated mutants, are suitable for addressing molecular components associated with disease pathways. Young-Pearse et al. (Young-Pearse and others 2010) reported the protein interaction of DISC1 and amyloid precursor protein (APP), a well known protein that is cleaved to produce Aβ, the primary component of amyloid plaques in the brains of patients with Alzheimer's disease. In this study, in utero electroporation was used to show that this interaction was important for cortical development and examined that splice variants and protein interaction sites of DISC1 are critical for neuronal migration in this context. Loturco and colleagues (Manent and others 2009) rep orted another elegant study using a Cre/LoxP recombination-mediated overexpression system with rescue components. Conditional re-expression at P0 of DCX, which plays a role for neuronal migration, normalized migration deficits elicited by the conventional knockdown of DCX at E14. These results suggest that in utero electroporation combined with inducible gene expression systems can be utilized for the identification of critical periods for specific molecular function for distinct cellular events.
The use of this methodology is capable of addressing cellular signaling in vivo. As such, rescue experiments that introduce shRNA together with overexpression constructs, including mutated ones, allows for the examination of not only protein-protein interaction, but also the effect of translational modifications and transcriptional regulation (Langevin and others 2007) . Indeed, we have recently reported that the phosphorylation of DISC1 at Serine 710 is a critical molecular switch signaling from progenitor cell proliferation to neuronal radial migration in the developing neocortex (Ishizuka and others 2011). By utilizing in utero electroporation, this study has shown that a phosphor-dead mutant DISC1 can rescue only the proliferation defect elicited by DISC1 knockdown, whereas a phosphor-mimic mutant of DISC1 can exclusively rec over impaired migration. Taken together, the functional interaction between target molecules and cellular signaling can be assessed by the co-electroporation of multiple constructs. 
The Use of In Utero Electropolation at Neuronal Circuit and Behavioral Levels
The feasibility of the animal models manipulated by in utero electroporation has recently been reported at the neuronal circuit and behavioral levels. By using the afore mentioned technique for selective gene targeting in the prefrontal cortex (Fig. 4) , Niwa et al. (Niwa and others 2010) reported that the selective knockdown of DISC1 in the developing prefrontal cortex leads to abnormal dendritic development of the pyramidal neurons and disturbances in neuronal circuitry, involving mesocortical dop aminergic neurons, pyramidal neurons, and interneurons, as well as associated behavioral changes after puberty, including those in information processing and cognition. A critical question that must be further addressed is how the impairment of dendritic development, caused by the knockdown of DISC1, leads to the disturbance of overall neuronal circuits associated with the prefrontal cortex. Another example is the study by Manent et al. (Manent and others 2009) , reporting that the re-expression of DCX ameliorated the susceptibility to epileptic seizures in DCX knockdown animal. These results suggest how in utero electroporation can have an impact not only at the molecular and cellular level, but also at circuit and behavioral levels even after developmental periods. Although there are no behavioral abnormalities relevant to specific diagnostic criteria, some hallmarks of mental disorders at behavioral levels that are translatable between human and rodent models have been reported (Nestler and Hyman 2010) . For instance, patients with major mental disorders, such as schizophrenia, have been frequently reported to have deficits in working memory and attention, as well as impaired somatosensory function evaluated via prepulse inhibition test. (Gottesman and Gould 2003) . While these cognitive domains are not unique characteristics in the specific current diagnostic criteria, they could be characterized in animal models and provide valuable insights into the behavioral consequences of genetic manipulation.
Combination of In Utero Electroporation With Other Technologies
Many other technologies for in vivo genetic modulation and regulation of neuronal function are now available. To identify sensitive periods of specific cellular processes during brain development for the manifestation of diseaserelated phenotypes, the aforementioned combination of in utero electroporation with inducible and cell typespecific expression systems is used. Another useful method is the combination of conditional genetically engineered mice (with target gene flanked with LoxP sites) with in utero electroporation of Cre-driver. These methods are capable of providing the genetic contribution of psychiatric conditions during specific developmental periods, ranging from molecular and cellular processes to behaviors. This may further enable us to identify their specific functional domains responsible for disease pathology.
One of the drawbacks of in utero electroporation is that nonviral vectors are likely to be maintained episomally in the proliferating cells in the developing stages, making it unclear how long transgene expression continues. However, the transposon-mediated gene expression system, including piggyBac and To12, may overcome this particular issue by integrating transgenes into the chromosomal DNA of the targeted cells (Ding and others 2005; Nakanishi and others 2010). The effect of To12 transposon was recently tested via in utero electroporation (Yoshida and others 2010) . By using To12 transposon with glial promoters, such as GFAP and S100β, transgenes are stably expressed in astrocyte and oligodendrocytes (Yoshida and others 2010) . Accumulating evidence from clinical studies suggests that immunological processes in the central nervous system may play a role in major mental disorders (Khairova and others 2009; Potvin and others 2008; van Berckel and others 2008) . Many groups have used stereotaxic virus-mediated gene delivery to manipulate target gene expression (Cetin and others 2006) . However, this technique is not appropriate for addressing the role for genetic risk factors in the immune system, because the injection of recombinant viruses at postnatal stages may induce an inflammatory response and microglia activation. On the other hand, because in utero electroporation can deliver the transgenes at embryonic stages when the immune system is immature (minimal immune response in the brain during surgical intervention) this method allows for the characterization of target genes for immune signaling in the glial cells, which might trigger abnormal brain maturation relevant to the disease pathology.
Optogenetic tools have developed recently to control and monitor biological cellular processes at the cells and neuronal circuit levels (Zhang and others 2010) . The expression of opsin genes, such as the Chlamydomonas channelrhodopsin-2 (ChR2) and Natronomonas halorhodopsin (NpHR), through the use of virus-mediated gene delivery is frequently used to modulate neuronal activity in the specific brain regions (Knopfel and others 2010; Zhang and others 2010) . Although cell-type specific expression with recombinant promoters derived from genes expressed only in the targeted cell types (e.g., pyramidal neuronspecific expression using CaMKII promoter) is applicable, there is a limitation of packaging capacity of viral vectors, which hampers the use of large sized cell-type specific promoters for virus production (Davidson and Breakefield 2003) . In this regard, in utero electroporation allows the transfection of plasmid DNA with a large size of promoters for targeting specific type of cells.
Conclusion
Many genetic risk factors for major mental disorders have multiple functions, depending on the cell type, region, and developmental stages. In utero electroporation is an advantageous method for investigating their etiological roles in brain development and higher brain function as described in this review (Table 1) . It is also important to examine whether animal models via in utero electroporation is useful for the study on the effect of gene-environment interaction. However, there is limited know ledge of the genetic basis for mental disorders due to both the etiological complexities and difficulties in translating from human brain function to rodent behaviors and vice versa, and the lack of biomarkers. Nonetheless, it is worth inves tigating animal models with in vivo genetic manipulation, and validating such models at the molecular to behavioral range, based on the evidence from epidemiological, patho logical, and pharmacological examinations. Consequently, to understand the pathophysiologies for major mental disorders, focusing on the underlying molecular mechanisms for the possible endophenotype (i.e., specific neurobehavioral domains), rather than diagnostic characteristics, could prove to be a better option. Bai a There are many advantages of in utero electroporation for addressing the effect of genetic risk factors for major mental disorders as listed in this table. Furthermore, this method is relatively simple and quick (the entire process of surgery with electroporation for one pregnant rodent can be done within 30 minutes), and less labor intensive approach relative to the generation of genetically engineered mice.
